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Proposal for a smart pressurised ring test to study thick composite produced by filament winding
Introduction
Most improvements in terms of materials characterisation focus on respecting the real manufacturing process. This is why the characterisation of materials used in pipes, tubes or vessels uses cylindrical samples made with the actual process. This is particularly the case for plastic pipes in which polymer extrusion aligns molecules parallel to the extrusion direction or filament-wound composite pipes where the process is not reproducible on a noncylindrical part. Indeed, mechanical properties obtained with a plane sample are not satisfactory. Even if samples are cut from a plate formed on a rectangular mandrel, the material compaction and consequent porosity and fibre fraction will be different [1] .
After the design and manufacturing processes, vessel strength can be evaluated by a hydro-burst test, as specified in [2, 3] . However, this test is quite expensive to implement (pressurising pumps, protection installation, test specimens especially for expensive material, etc.) and slows down the iterative design loop. Moreover, material properties cannot be directly estimated with this type of test, which is a huge drawback for design improvement.
Consequently, several devices were proposed in order to test ring specimens since rings constitute the most suitable intermediate structure. The split disc method [4, 5] applied to plastic or composite rings is the one that is most used. In this test, thin rings are loaded up to failure in tension by split discs. The failure is forced to be located at a reduced ring section. Nevertheless, Laiarinandrasana et al. [6] showed that in this test, the hoop stress in the ring is inhomogeneous because of a bending effect and a non-uniaxial loading (generation of radial and longitudinal stresses).
Relatively similar tests are performed on plastic ring specimens for slow cracking detection [7, 8] . Although these rings are taken from pipes, they are not tested under internal pressure but by bending, which is not representative of the real load.
Thus, several devices [9, 10] providing internal pressure on a ring specimen have been developed. They consist of a base plate and a cover plate, and they are designed to load the ring by internal pressure using pressurising fluid. The major difference is that the load is transferred using a rubber bladder containing the fluid [3, 10] or an intermediate PTFE ring [9] . This type of fixture provides uniform pressure over the circumference of the ring but needs a good sealing system and high performance hydraulic pumps. These fixtures represent a significant improvement compared to the split disc method. Nevertheless, in practice, the maximal pressure applied is close to 300 bar and limited by the sealing system. This pressure limit does not fit with the characterisation of composite materials used in high pressure tanks for hydrogen storage. For a storage pressure of 700 bar, safety standards require to design and test the structure with a maximal pressure equal to 2100 bar (safety margin factor equal to 3). Consequently, the thickness of the vessel is greater than 30 mm for a diameter close to 300 mm. These thick composite structures are generally produced using the filament-wound process at low temperature, without external pressure (autoclave process) and vacuum bag. Thus, this process generates physical material property variations such as void fraction, fibre fraction or matrix modulus through the thickness [1, [11] [12] [13] [14] [15] [16] [17] that can generate variations in mechanical properties [14, [18] [19] [20] . For design and process improvement purposes, engineers need characterisation at the material scale but also tests at the structure scale in order to evaluate the effects of property variations.
The objective of this study was thus to develop a new device to test thick rings under internal pressure up to in-service load. With the device proposed here it is also possible to observe the lateral faces of the ring in order to quantify the influence of material property variations through the thickness with the help of strain field measurements. The main purpose of this paper is to present and develop the physical elements that drive the design of the test apparatus. First of all, the functional requirements of the test and its operational principles are presented. An original method is proposed to estimate the internal pressure applied to the tested ring. The choice of design parameters is then discussed according to the uniformity and measurement precision of the pressure that constitute the two main test requirements. In addition, to demonstrate the ability of the device to generate high pressure load, an experimental protocol and results on a composite ring extracted from a 39 mm thick full-scale pressure vessel are presented.
Design of the new and smart pressurised ring test

Functional requirements
Functional requirements and associated criteria are listed in Table 1. The main function F1 consists in loading the tested ring with a uniform pressure, and the main function F2 consists in measuring the applied pressure and internal radial displacement in order to determine the pressure versus displacement behaviour of the ring to be characterised.
The device is designed to be actuated with a tension/compression testing machine (Functional constraint FC1). This is a way to reduce the cost of the device and increase its versatility. The device is designed to fit the dimensions of the tested ring since its main objective is to perform a test representative of the manufacturing process (Functional constraint FC2).
Values in Table 1 refer to a composite ring 39 mm thick made of circumferential and various winding angles of carbon fibres and epoxy resin. The maximal pressure and internal displacement were estimated from properties found in documentation from the material supplier. Pressure uniformity and measurement precisions were deduced from usual test standards for polymer matrix composite [21] . Of course, these values should be adapted according to test objectives.
Operational principle
Basically, the device principle consists in transforming the vertical cross head displacement of the testing machine into a radial displacement transmitted to the tested ring. The device proposed is described in the physical view in Fig. 1 and in a functional and design view in Fig. 2 . A male cone deforms a female cone by entering into it, which generates a radial displacement on the tested ring. The female cone is put on a rigid support which avoids the vertical displacement of the female cone and the tested ring. With a small cone angle, the load supplied by the standard testing machine can be amplified in order to apply high pressure. Fig. 2 sums up the different loading transmission blocks, functional requirements and design parameters of the device system. 
Pressure measurement
While the external displacement applied to the tested ring can be easily obtained from LVDT sensors for thin rings or optical measurement (Digital Image Correlation) for thick rings, the pressure applied needs an indirect solution. Two ways were investigated: the first consists in using the testing machine load cell and the second in using the female cone as a load sensor by measuring its internal and external radial displacements.
A typical machine load versus time curve is plotted in Fig. 3 . Even with a highly efficient lubrication between the two cones, a stick slip phenomenon occurs during the test. As shown in Fig. 3 , lower, upper and mean wrap curves can be extracted from the untreated measurement in order to estimate the pressure applied to the ring. However, determining the pressure depends on knowing the sliding coefficient between male and female cones, which is highly dependent on lubrication conditions, contact pressure and sliding velocity. It therefore becomes difficult to propose a model which could be used to extract the pressure applied to the ring. It is even more disturbed because the friction load represents a large proportion of the total load. This first way was thus excluded.
The second way to evaluate the pressure applied to the ring, which we investigate and develop in this paper, consists in using the female cone as a load sensor. This method is based on an analytical model of the female cone deformation in which elastic properties are assumed to be known. By measuring both internal displacement (deduced from crosshead machine and cone angle) and external displacement of the female cone obtained with Digital Image Correlation, the pressure applied by the tested ring is indirectly measured The analytical equations used and the uncertainty study are detailed below, with the discussion on the choice of design parameters.
Dimensioning methodology
The operational principle of the ring test is quite simple, but the performance of the device depends on a judicious choice of design parameter values as listed below: These design parameters need to satisfy functional requirements ( Table 1) . As described in Fig. 2 , the relation between design parameters and functional requirements depends on displacement and load transfer through each part of the test device. In order to obtain these relations, we used two models. The first is a 1-D analytic model which gives the relation between:
The tensile machine displacement d and internal radial displacement of the female cone u i , The testing machine force F and internal pressure of the female cone p i , The internal and external pressure and displacement applied to the female cone p i , p 0 , u i and u 0 .
In this model, all the pressure and displacement are assumed uniform in the height h of the tested ring.
The second model is a 2-D axisymmetric Finite Element Model (FEM). It is used to quantify the non-uniform field of pressure and displacement applied to the internal surface of the tested ring. It is also used to validate the analytic model and identify the more loaded areas in the female cone and then verify if the material yield stress is exceeded.
Description of models
Analytical model
The contrast between the male cone and the female cone suggests that the vertical displacement d of the testing machine is directly imposed on the female cone. The internal displacement u i can be calculated as follows: In addition, as shown in Fig. 1 , the contact force pressure dF ! between the male and the female cones can be defined as the sum of a normal pressure p n and a tangential pressure p t :
If f is the sliding coefficient between the two cones, the tangential pressure can be expressed from the normal pressure as follows:
The machine load can then be calculated:
where S c is the contact surface between the male and the female cones.
Considering that the cone angle is low, the female cone is modelled as a thick ring. By assuming a linear elastic behaviour for the material of the female cone, the internal displacement u i and the external displacement u 0 can be calculated from the internal pressure p i and the external pressure p 0 applied to the female cone by the tested ring:
Constants s ii , s i0 , s 0i and s 00 depend on the internal radius r i , the external radius r 0 , the Young modulus E and the Poisson coefficient m of the material:
The internal pressure p i can be linked to the normal pressure p n as follows:
By transferring Eq. (11) in Eq. (4), we obtain:
Eqs. (1) and (12) describe the behaviour of the conical amplification system (conical fitting), while Eqs. (5) and (6) describe the behaviour of the female cone. These equations are combined further to optimise the choice of cone angle and calculate the pressure applied to the tested ring.
Finite Element Model (FEM)
The model is described in Fig. 4 . As for the analytical model, the test device is assumed axisymmetric and the male cone and the support are modelled as rigid bodies. A hard contact with a Coulomb friction law was used to model the interactions between the male and female cones, between the female cone and the support and between the female cone and the tested ring. Linear and non-linear behaviour can be easily implemented for the female cone and the tested ring. FEM results demonstrate that the analytical model is able to predict the pressure applied to the tested ring and the load supplied by the testing machine with an error less than 2%. Results show especially that the displacement imposed by the male cone to the female cone is not altered when the friction coefficient between the female cone and the support changes from 0 to 0.1. Consequently, the pressure distribution is also not altered. Moreover, the machine load increases less than 1% when this friction coefficient changes from 0 to 0.1. That explains why the frictional force between the female cone and the support can be neglected in the analytical model. The FEM was also used next to study the influence of design parameters on fields of pressure and displacement applied to the internal surface of the tested ring.
Test device dimensioning
Choice of female cone material
At the interface between the female cone and the ring, the radial displacement in the material of the female cone is equal to that in the material of the ring. The hoop strains are therefore also identical in the two materials. Thus, the yield strain of the female cone must be greater than the maximal strain of the tested ring that we want achieve. For example, the strain at failure of carbon fibre composite material is around 1.5%. So, as shown in Table 2 , polymer materials seem to be good candidates to characterise composite rings.
Moreover, with a soft material for the female cone, the proportion of the force supplied by the machine that is used to load the ring is greater. Even if the yield stress of polymer materials appears quite low compared to the pressure required, the stress state in the female cone enables a high proportion of hydrostatic pressure which significantly increases the actual Von Mises yield stress of the polymer material.
Choice of cone angle
From Eq. (12) we can define an non-dimensional amplification factor:
a c expresses the ability of the conical system to amplify the force supplied by the testing machine. Fig. 5 illustrates the influence of the cone angle on the amplification factor for different friction coefficients. The amplification factor cannot exceed 1/f even if the cone angle is close to 0. A compromise has to be found to ensure an amplification factor close to its maximum 1/f with a small a but with a reasonable height of the male cone in order to limit the size, weight and cost of the male cone and the support. A cone angle of 1°was selected for the test device.
From Eqs. (6) and (12) we can calculate the maximal load F max supplied by the tensile machine for a given tested ring (knowing p Table 1 (composite ring 39 mm thick), and the material of the female cone is a polyamide 6 (PA6). The influence of the female cone thickness on maximal machine load is very limited due to the high contrast of modulus between tested material and female cone material. The curve obtained for f = 0 confirms that a great proportion of load is dissipated by friction in the conical fitting. As the actual friction coefficient varies between 0.06 and 0.08, the load capacity of the tensile machine used (F max = 100 kN) is enough to reach p max 0 ¼ 700 bar.
Choice of internal and external support radius
The influences of the internal and external support radius on the uniformity of the pressure and displacement applied to the tested ring were studied using the FEM. Several simulations were performed by varying these two parameters from a base configuration where a = 1°, h = 15 mm, r i = 61.65 mm, r 0 = 81.25 mm, r si = 62.1 mm, r se = 64.8 mm, E = 3.1 MPa (material PA6) and m = 0.35 (material PA6). Note that r si should be greater than r i in order to take into account the higher male cone radius at its maximum vertical displacement. The tested ring consists of a 9.35 mm thick steel ring.
Figs. 7 and 8 show the pressure and displacement distribution for 3 different positions of the support: r si = 62.1 mm, r si = 70.3 mm and r si = 78.6 mm. The external support radius is also changed in order to have the same support thickness. By keeping the support away from the male cone, the shear and bending deformation of the female cone make the pressure and displacement distribution dissymmetric. Thus, it is demonstrated that the support should be as close as possible to the male cone. However, the pressure field exhibits two peaks near the upper and lower edges of the ring.
The support thickness was also studied and results show that this parameter has no significant effect on the pressure and displacement distribution. Nevertheless, the support should be thick enough to avoid a high stress concentration near point B defined in Fig. 4. 
Choice of female cone thickness
As the radius r 0 of the tested ring is imposed, the female cone thickness depends only on the internal mean radius of the cone r i . The choice of female cone thickness is discussed below from the two main functional requirements. 
Influence of female cone thickness on pressure uniformity
The influence of female cone thickness on pressure uniformity was investigated using the FEM presented in the previous part with the same configuration. The influence of the ring height h was also studied and it can be concluded that the non-dimensional parameter (r 0 À r i )/h is fully representative of the interaction between the influence of both female cone thickness and ring height. Fig. 9 presents the evolution of the non-uniformity pressure indicator versus (r 0 À r i )/h. The non-uniformity pressure indicator is defined by:
where p mean 0 is the mean pressure applied to the ring and r p is the standard deviation of the pressure distribution.
The results show that the non-uniformity indicator presents a minimum value close to 1.6% for (r 0 À r i )/h = 0.26. Moreover, it is worth noting that the non-uniformity indicator never exceeds 6%.
Influence of female cone thickness on pressure measurement precision
As mentioned in a previous section, evaluation of the pressure applied to the ring consists in using the female cone as a load sensor. The pressure applied to the ring can be extracted from Eqs. (1), (5), and (6) of the analytical model:
To calculate p 0 requires the material and geometrical properties of the female cone, and the measurement of the cross head displacement and the internal displacement of the tested ring during the test. The uncertainty of the estimate of the pressure can be expressed according to the uncertainty of each parameter:
This expression can be changed to highlight the relative uncertainty of each parameter: dp 0 p 0
where non-dimensional parameters v V i are defined by:
Thus, the relative uncertainty generated by each parameter is equal to the relative uncertainty of the considered parameter multiplied by the non-dimensional parameter v V i .
The measurement method and relative uncertainty of each parameter are presented in Table 3 . u 0 can be measured with a field displacement measurement technique (Digital Image Correlation) or using strain gauges placed on the external face for a thin ring. In both cases, the relative uncertainty will be less than 0.02.
It is more difficult to measure precisely the Young modulus E of the polymer which constitutes the female cone. Indeed, the behaviour of polymer materials is highly dependent on the loading rate, the stress state and the manufacturing process [22] . Thus, in order to reduce the relative uncertainty on E, a specific procedure is proposed in the next section to deal with this point.Concerning the non-dimensional parameters v V i , they are calculated from Eq. the choice of (r 0 À r i )/h results in a compromise between the two criteria. In Table 3 , non-uniformity indicator and uncertainty on p 0 measurement are presented for two choices of (r 0 À r i )/h. The first choice aims at minimising pressure non-uniformity and the second aims at minimising uncertainty on p 0 measurement.
Application to a thick composite ring
Experimental protocol and test calibration
First, the three parts of the test device (support, male and female cones) are designed and manufactured from specific functional requirements associated to the geometry and the material of the tested ring. The choice of female cone thickness (r 0 À r i )/h is based on a compromise between pressure non-uniformity and uncertainty on p 0 measurement. Clearance between the tested ring and the female cone must be low (a slight interference-fit is better) in order to avoid the female cone being pre-stressed before the tested ring is loaded.
Next, the male cone is coated with a solid lubricant. The tested ring is placed around the female cone and, as shown in Fig. 11 , the test device is put on the testing machine. According to the ring thickness and the objective of the test, different measurement techniques can be placed on the sample: strain gauges, displacement sensors or field displacement measurement.
As mentioned previously, the Young modulus of the polymer needed for the pressure measurement is difficult to measure with a classical sample. A calibration procedure is proposed to measure the Young modulus of the polymer in a configuration representative of the test. This procedure consists in testing one or more standard rings made of a well-known material. The Young modulus E of the polymer material can then be calculated using Eq. (13) by replacing the pressure applied to the standard ring by the pressure calculated from an elastic thin ring model :
where e r and E r are respectively the thickness and the Young modulus of the standard ring, e hh is the hoop strain measured on the external surface of the standard ring. Two steel rings of 81.25 mm radius with two different thicknesses (4.25 mm and 9.35 mm) were used as standard rings to measure the Young modulus of the polymer. The first ring gives E = 2.78 GPa and the second ring gives E = 2.85 GPa.
Results
As mentioned in the introduction, the storage of hydrogen in the form of a gas requires high pressure (700 bar) tanks. Current certification standards require manufacturers to test their structures to three times the working pressure. This in turn means that composite walls of about 30 mm or 40 mm thick must be designed, according to vessel diameter. Due to the filament winding process, for such thick composite parts, variability of material properties and residual strains through the thickness can be considerable [1, 23, 24] .
The test proposed here allows the material to be tested on a representative specimen: a ring directly extracted from a thick composite vessel. The objective of tests is therefore to determine the strain distribution in the thickness and compare it to the model in order to highlight the influence of property variability and thickness gradient.The tested ring was extracted from the cylindrical part of a vessel made of 57 layers according the following lay-up: [(±15/±25/90 2 /±35/±45/90 2 ) 7 /90], producing a 39 mm thick composite. The ring radius and height are respectively r 0 = 155.9 mm and h = 15 mm. The fibre used is an intermediate modulus carbon fibre with an ultimate strain close to 1.3%. The mean internal radius of cones r i was selected in order to ensure applied pressure uniformity according to the rule defined in part 4.4.1. The selected value, r i = 151.25 mm ((r 0 À r i )/h = 0.31), leads to a non-uniformity pressure indicator equal to 2% and an uncertainty on p 0 measurement equal to 18.8%. Fig. 11 shows the experimental device. Several measurement types were added to classical measurements (load cell data, crosshead displacement). Five strain gages and five LVDT sensors were placed around the ring on the external side in order to control the overall uniformity of ring deformation. In addition, a black and white speckle was painted on the upper side of the ring and continuously observed with a camera in order to follow the displacement and strain fields through the thickness of the ring. Vic 2D software was used for Digital Image Correlation (DIC). The crosshead displacement rate was set to 2 mm/min which gives an external hoop strain rate close to 2.10 À6 s À1 . The test was stopped when the maximal load capacity of the tensile machine was reached (100 kN). The radial displacement u 0 was then equal to 0.67 mm. Using Eqs. (15) and (17), the internal pressure is estimated at 750 ± 140 bar (ring stiffness equal to 1119 ± 210 bar/ mm). This value agrees well with the prediction in Table 1 calculated from material supplier documentation (ring stiffness equal to 930 bar/mm). As the ring consists of different angles, the upper and lower sides are subjected to edge effect that generates a 3-D strain state and change of strain field from the mid-plan (z = 0) to the upper and lower side (z = ± h/2) [25] . This phenomenon was studied using the FEM presented in Section 3.2.2. Refined mesh (80 quadratic elements per layer) is needed to capture the edge effect. Figs. 12 and 13 show the evolution of radial and hoop strains according to the position along the ring thickness in mid-plan (z = 0) and the upper side (z = h/2). Circumferential strains are clearly not altered by the edge effect, while radial strains are subjected to variation related to angle sequence. Strain fields deduced from DIC techniques are also plotted in Figs. 12 and 13 . The strain obtained with gages on the external radius (red star on Fig. 13 ) is in the continuation of DIC measurement. The displacement field is evaluated on a 65 pixel Â 65 pixel square which gives a spatial resolution of 0.57 mm. The FEM and experimental results are in good agreement, even if variation related to edge effect cannot be precisely captured with a spatial resolution close to composite layer thickness.
The prototype vessel used for this test was made with an optimal process sequence which is the result of many years of practice of our industrial partner. This process sequence is therefore the guarantee of reducing material heterogeneities. Thus, the property variability and thickness gradient identified elsewhere [1] are too low to be highlighted in the test presented above. However, the current process sequence duration (greater than 24 h) is liable to be reduced in a cost versus quality optimisation. The new test device proposed in this paper aims to be the characterisation tool used during this optimisation procedure.
Conclusions
In this paper we proposed a new device to test thick rings under internal pressure based on a conical fitting. The innovative aspect resides in the ability to reach high pressures (over 700 bar) while keeping the lateral faces free for observation.
The methodology presented here is intended to optimise the choice of device design parameters according to functional requirements. This methodology is based on both analytical and finite element models. The internal pressure applied to the tested ring can then be analytically derived from the deformation of the intermediate female cone. The uncertainty over the estimate of the pressure can be evaluated from uncertainty on each parameter participating in the pressure formula.
The device is applied to the study of a 39 mm thick hydrogen storage vessel. Thanks to the original concept of the device, the strain field on a lateral face can be monitored using Digital Image Correlation.
In future studies, this test device will also be used to observe damage mechanisms and in particular to study the effects of material heterogeneities and property gradients. To do this, a microscope can be used instead of the camera in order to follow damage evolutions and strain gradients using fibre matrix patterns like the DIC speckle pattern. 
